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BODY OF REPORT

A. STATEMENT OF THE PROBLEM STUDIED

[11-nitride semiconductors have received world-wide attention because of applications as blue LED’s,
lasers, UV detectors, and high temperature electronic devices. The large bandgap of Il1-nitrides (INN: 1.9 eV,
GaN: 3.4 eV, and AIN: 6.2 eV) makes these materials aso interesting hosts for rare earth (RE) doping for
potential applications in optoelectronics [1-4]. Most previous work on RE doping of semiconductors has
focused on the 1.54 um emission from Er®*" ions because of applications in optical communications [1,2]. As
demonstrated by severa research groups, Er doped into wide-gap semiconductors exhibited a reduced emission
guenching compared to Er doped into narrow-gap materials like Si and GaAs[1,2]. Stable 1.54 pm emission up
to temperatures as high as 550 K has been observed from Er implanted GaN thin films [5]. In 1996, the first
observation of 1.54 pum electroluminescence using Er implanted GaN was reported [6]. The recent
demonstration of visible thin-film electroluminescence (TFEL) devices based on rare earth doped GaN has
spurred great interest in this class of materials for possible applications in full color displays [3,4]. Prime
candidates for red-green-blue (RGB) emission are the rare earth ions EU® (red), Er®* (green), and Tm** (blue).
A full-color TFEL phosphor system based on RE doped GaN has been demonstrated with high brightness (500-
1000 cd/nf) under direct current operation of GaN: Er films on Si and sapphire substrates [3,4]. The recent
results on RE doped GaN have indicated that these materials are promising for electroluminescent devices
operating at room temperature. However, the initial reports also indicated that more fundamental studies on the
incorporation and excitation mechanisms of RE ions in Ill-nitrides are necessary to optimize their device
performance.

In this final report, spectroscopic results focusing on the infrared and visible emi ssion from Er®* in GaN are
presented. The results include a comparison of the optical properties of in-situ Er doped GaN prepared by
metalorganic MBE and solid-source MBE. In addition, detailed spectroscopic studies on Er doped GaN
prepared by SSMBE as a function of excitation wavelengths, temperature, and pump power are discussed. Finally,
initial result on the optical properties of Eu doped GaN are summarized.



B. SUMMARY OF MOST IMPORTANT RESEARCH RESULTS

The research results of this project have been discussed in great detail in 8 refereed journal publications and 1
book chapter. Available reprints are attached to this final report as pdf-files.

In the following the most important research results are briefly summarized:

1. Comparision of the optical properties of Er>* doped GaN prepared by metalorganic MBE and solid-
source MBE

We investigated the visible and infrared luminescence properties of Er doped GaN grown prepared by
metalorganic molecular beam epitaxy (MOMBE) and solid-source molecular beam epitaxy (SSMBE) on S
substrates. The Er doped GaN sample prepared by MOMBE was grown at the University of Florida (Dr.
Abernathy’s group) in an INTEVAC Gas Source Gen Il on Inrmounted (100) Si substrate [7]. The GaN film
was preceded by alow temperature AIN buffer layer (T4=425 °C). An undoped GaN spacer 0.2 nm thick was
deposited prior to the growth of GaN: Er. Triethylgallium (TEGa) and Dimethylethylamine alane (DMEAA)
provided the group 11 fluxes. A shuttered effusion oven with 4N Er was used for solid source doping. Reactive
nitrogen species were provided by a SVT radio frequency (rf) plasma source. The Er concentration in the
sample was ~8x10"®cm™. Due to the incorporation of carbon and oxygen from residual ether in TEGa, the C and
O background were ~10*cm® and ~10?° cmi®, respectively, as measured by SIMS. The Er doped GaN samples
prepared by SSMBE was grown at the University of Cincinatti (Dr. Steckl’s group) in a Riber MBE-32 system
on Si (111) substrates [8]. Ga and Er solid sources were used in conjunction with a RF plasma source supplying
atomic nitrogen. The sample was pretreated by cleaning in acetone, methanol, and de-ionized water before
insertion into the loadlock. The sample was subsequently outgassed at ~950°C before growth. During the
growth, the Ga cell temperature was kept constant for a beam equivalent pressure of ~8.2x10’ torr. The RF-
plasma source was kept constant at 400 W with a N, flow rate of 1.5 sccm, corresponding to a chamber pressure
of mid -10° Torr. The growth temperature was varied from 750-950°C and the Er cell temperature was
maintained at 1100°C. The Er concentration in the sample was determined by SIMS to be ~2x10%° cm’®,

Both types of Er doped GaN samples emitted characteristic 1.54 nm PL resulting from the intra-4f Er®*
transition *113:® 115, as shown in Figure 1. Under below-gap excitation the samples exhibited very similar 1.54
nm PL intensities. On the contrary, under above-gap excitation GaN: Er (SSMBE) showed ~80 times more
intense 1.54 nm PL than GaN: Er (MOMBE).
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Figure 1: 1.54 mm PL spectraof GaN: Er (MOMBE) and GaN: Er (SSMBE) at room temperature. The PL was
excited with either the 325 nm (above-gap) or 442 nm (below-gap) line of a HeCd laser.
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The weak 1.54 um PL observed under above-gap excitation from GaN: Er (MOMBE) can be explained by a
significantly reduced excitation efficiency compared to below-gap excitation. Visible PL studies (see below)
revealed, that for GaN: Er (MOMBE) the bandedge provides an efficient radiative recombination channel
reducing the excitation efficiency of intra-4f Er transitions. The excitation wavelength dependent PL study
suggests that only weak electroluminescence can be expected from forward-biased GaN: Er (MOMBE) LED’s.

Besides strong 1.54mm PL, GaN: Er (SSMBE) aso emitted intense green luminescence at 537 nm and 558
nm, which was not observed from GaN: Er (MOMBE) as shown in figure 2. The GaN: Er (SSMBE) exhibited a
weak bandedge PL at ~369 nm (3.36 €V) and two “green’ lines located at 537 nm and 558 nm. The green
luminescence can be assigned to the intra 4f Er®* transitions ?Hyy, ® “lis, and Sz ® *lisp. The GaN: Er
(MOMBE) sample showed strong bandedge PL located at ~381 nm (3.25 eV), however, no indication of green
Er®" luminescence was found. As discussed before, for GaN: Er (MOMBE) the bandedge provides an efficient
radiative recombination channel, which reduces the excitation efficiency for both infrared and visible Er®
transitions. Figure 2b) shows the decay transients of the green Er®* PL at different temperatures. The lifetime
was found to be non-exponential at al temperatures and decreased with increasing temperature. The average
lifetimes for the 558 nm line at 15 K and room temperature were determined to be 10.8 ns and 5.5 s,
respectively.

GaN: Er (SSMBE)

T T T T T 31
GaN: Er (SSMBE)
I hon=558Nm

50
X 537nm 558nm

0.1

PL Intensity

L, 0.01
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400 500 600 0 10 20 30 40 50 60
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Figure 2: a) Visible PL spectrafrom GaN: Er (SSMBE) and GaN: Er MOMBE) at 300 K (I ¢,=325 nm).
b) Decay transients of the visible PL at 558 nm from GaN: Er (SSMBE) at 15 K and 300 K (I =495 nm).
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Figure 3. a) Green PL lifetime of GaN: Er (SSMBE). The solid line describes the change in lifetime according
to equation (1). b) Ratio of the PL intensities of the green lines as a function of temperature.



A more detalled study on the temperature dependence of the lifetime was carried out and is depicted in
Figure 3a). The thermalization of the “Sg, and 2H,,, States leads to a common decay time t (effective
spontaneous emission probability), which can be described as:

tt+t H'lxg—“e(pga:eﬁg (1)

Os eka

g e DEO
1+ ep =2
9 pg kKT g

where ty and ts are the intrinsic radiative decay times of the *Hyy, ® 15, and Sy, ® 45, transitions,
respectively. gy and gs are the electronic degeneracies (23+1) of the 2H,., and *S;,, states and DE is their energy
difference (DE=87meV).

At low temperatures the ?Hiq, State is not thermally populated and the experimental lifetime can be
approximated as the intrinsic decay time of the S, ® “l15, transition, i.e. ts=10.8 ns. It is assumed in this
approximation that the low temperature decay time is purely radiative. The intrinsic lifetime of the ?Hyy, ®
“l 152 is not experimentally accessible, unless a careful analysis of absorption data is carried out, which is rather
difficult for thin film materials. It is possible, however, to obtain a rough estimation of the intrinsic decay time
ty from the temperature dependence of the luminescence intensity of the green Er** lines at 537 nm and 558
nm. The intensity of the *S;, line decreased with increasing temperature, whereas the 2H,4» line had a
maximum of intensity at around 300 K. The ratio of the 537 nm and 558 nm lines was calculated and is plotted
in Fig 3b). Considering the thermal coupling of the involved states, the intensity ratio of both lines was fitted to
an expression

1
t

_ts>g, ohw,

sexp(- DE/KT) (2
by Xgs g

I H
with hwy =2.309eV, hws=2.222¢eV, t=10.8 ns and DE=87 meV. t was taken as a fitting parameter and the
best fit to the data yielded t;=0.75 ns. The fitting result shows that the radiative rate of the “Hyyp ® “l15
transition is much larger than that of the “Sz, ® ‘145, transition, consistent with published data on Er doped
insulators [9]. Using this set of parameters the temperature dependence of the luminescence lifetime was
calculated according to equation (1) and is shown in Fig. 3a). The modeling reveals that the decrease of the
luminescence lifetime with temperature is mainly due to an increased radiative decay rate arising from the fast
thermalization of the *Hy1, ® “l15, and *Sg, ® *l45, transitions. This analysis of the lifetime implies that non-
radiative decay processes are small and therefore the green luminescence efficiency is near unity.

2. Spectroscopic studies of Er®* doped GaN (SSMBE) as a function of excitation wavelength,
temperature, and pump power

Wavelength dependent PL measurements:

The visible and infrared luminescence of Er doped GaN prepared by SSMBE were investigated in more
detail as a function of excitation wavelength, temperature, and pump power. The PL spectra of GaN: Er
(SSMBE), measured at room temperature, using above-gap (336-363 nm) and below-gap (496.5 nm) excitation
are shown in Fig. 4. With above-gap pumping three PL features can clearly be distinguished (see Fig. 1a): the
band-edge signal from GaN located & ~369 nm, a defect-related yellow-band PL centered at ~550 nm, and
several intra-4f Er*" transitions. The intra-4f Er®* transitions are identified as: 537 nm (*H11® “15,), 558 nm
(“Sy® “lisip), 667 M (For® “I1572), 1000 M (1@ “lis5), and 1540 nm (Yl1a® “l1s5). With below-gap
pumping only the intra-4f Er®* emissions were observed (see Fig. 4b). It is important to note that the Er** PL
lines exhibited dlightly different fine-structures and linewidths for the two excitation wavelengths suggesting
the existence of different Er*" sitesin GaN. The existence of multiple Er sites in GaN prepared by SSMBE is
supported by an excitation wavelength dependent study of the Er®* PL spectra. It can be noticed in fig. 5a), that
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pumping resonantly into an intra-4f transition ( = 496.5 nm) leads to a slightly reduced linewidth of the
centra 1.54 mm emission peak (~8 nm) compared to above-gap pumping. This effect was even more
pronounced for the visible emission line at ~558 nm shown in fig. 5b). Some fine structure was clearly resolved
under resonant pumping with individual lines having a width ~1.4 nm. Under above-gap excitation only a broad
line with a width of ~4.3 nm was observed. These results suggest that only a subset of Er®* ions are excited
when pumping resonantly into an Er* level. Moreover, it was also noticed that the visible PL lifetime was
nearly single-exponential under resonant excitation compared to a non-exponential decay time observed under

above-gap excitation.
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Figure 4. Visible and infrared photoluminescence spectra of GaN: Er (SSMBE) at room temperature (a) above-
gap excitation (336-363 nm); (b) below-gap excitation (496.5 nm). Er®" transitions are indicated by their initial
state. All transitions termirate in the *l 15, ground state.
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Figure 5: High resolution PL spectra of Er doped GaN (SSMBE) for different excitation wavelengths.



Temperature dependent PL measurements:

In Fig. 6 the integrated Er®* PL intensity and the PL lifetime for the infrared (1540 nm) line are plotted
as a function of the sample temperature. The PL measurements were taken using above-gap excitation.
Compared to narrow-gap semiconductors such as Si or GaAs [ ], the integrated infrared PL intensity from
GaN:Er was remarkably stable. Thermal quenching was less than a factor of 2 between 15 K and room
temperature. At higher temperatures the integrated IR PL started to decrease and was reduced by a factor of ~3
at 500 K relative to its low temperature value.
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Figure 6: Comparison of the temperature dependence of the integrated PL intensity and the PL lifetime for the
infrared transition of Er¥* in GaN (*l132 ® “l15).
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Figure 7. Comparison of the temperature dependence of the integrated PL intensity and the PL lifetime for the
green transitions of Er* in GaN (*Sg»/ Hi12® “l1500).

A similar behavior was observed for the integrated green Er®* PL intensity of the green (537 nm and 558

nm) lines, as shown in Fig. 7. With above-gap excitation, the integrated green PL intensity (“Sg./ 2Hy0> 4 15/2)

remained nearly constant up to only ~ 150 K, and then decreased at higher temperatures. At 500 K the

integrated green PL intensity was reduced by a factor of ~3 relative to its low temperature value. Since above-

gap excitation generated a broad yellow band emission ~ 550 nm, it was difficult to measure the lifetime of the
10



green lines. Consequently, below-gap was used and the PL lifetime was measured at 558 nm. As shown in Fig.
7, the green Er®* PL lifetimes follow the change of the associated integrated green Er®* PL intensity very
closely.

In order to interpret these results, consider the temperature dependence of the PL intensity at low pump
power:

W,
X—T—=s5 X % (3)
Wr+Wnr

where s, is the excitation cross-section, w, is the radiative decay rate, w,, is the non-radiative decay rate, and t
isthe PL lifetime (t * =w " +w ). As discussed earlier, the green emission lifetime is reduced with increasing
temperature because of the thermalization of the %S, and 2H,,,, excited states, which are separated by only ~700 cm
! Therefore, the 2Hyy, State is populated only at higher temperatures. This thermalization reduces the average green
PL lifetimeof ~11.2 nsat 15K to ~6.2 ns a 300 K. At 500 K the average green PL lifetime is further reduced to less
than 3 nms. The reduction in PL lifetime reflects the increase in the radiative decay rate (w;) at higher temperatures.
Assuming that non-radiative decay processes are negligibly small for the green Er®* PL, the slight decrease of the
integrated green Er®" PL intensity above ~150 K is attributed to a change in excitation efficiency. The IR Er¥* PL
lifetime at low temperature was measured to be ~2.1 ms and decreased to 1.6 ms at 300 K. At 500 K, the IR Er¥* PL
lifetime had reduced to ~0.4 ms. In contrast to the green Er** PL lifetime, it can be assumed that the radiative decay
rate of the (l13® “l15,) transition is constant. Therefore, any decrease in IR Er¥* PL lifetime is attributed to the
onset of nonradiative decay, which consequently decreased the integrated PL intensity at higher temperatures. The
detailed mechanisms of this non-radiative decay process are still under investigation.

I, ~S

ex

Pump power dependent PL measurements:

To gain more insight in the excitation mechanism of Er® ionsin GaN, studies of the dependence of the PL
intensity on the pump power, at different excitation wavelengths, were performed. The behavior of integrated IR Er®*
PL intensity, using above-gap and below-gap excitation, is depicted in Fig. 8. With above-gap pumping (350 nm) the
IR Er¥ PL intensity starts to saturate at pump intensities of less than 2 W/cn. In contrast, with below-gap excitation
(514 nm) the IR Er¥ PL intensity increased nearly linearly with increasing pump intensity and saturation was not
observed even at pump intensities as high as 150 W/cn? (the experimental limit). It can further be noticed that the
saturation levels are different for both excitation schemes. A similar pump intensity dependence was observed for
the green Er** PL for both above- and below-gap excitation.

The pump intensity dependent PL data were modeled within asimplified three level Er®* energy scheme.
After balancing the rates of excitation and de-excitation under steady state pumping conditions, it can be shown
that the pump intensity dependence of the IR Er®* PL is given by:

I max
o = tP-Lith (4)
14—

where lp. max 1S the maximum PL intensity, h is the Planck’s constant, c is the speed of light, pe is the pump

power, and | ¢ is the excitation wavelength. The maximum attainable PL at high pump intensity (saturation
level) is given by: lp. max = C-Ng-W;, where N, is the concentration of optically active Er3

" ions, and C is the
collection factor of the PL setup. Fitting the experimental data to eq. (4), an estimate of the excitation cross-

section s ¢, can be obtained. For below-gap pumping, the fitting yielded: s e~ 2x10"%° cm? and IpL max=0.41 with
| =514 nm and t =1.6 ms being fixed parameters.
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Figure 8. Pump intensity dependence of the infrared PL from GaN:Er for above-gap and below-gap excitation.
It is important to note the different pump intensity scales for both excitation schemes. The solid lines are the
best fitsto eq. (4).

This value for the below-gap excitation cross-section seems reasonable compared to the cross-sections of Er®*
transitions in other hosts materials (~10%° cm?) [10]. The slightly higher Er®* cross-section in GaN:Er could be
due to defect-related Er®* excitation, which overlaps the resonant Er®* excitation. For above-gap pumping, the
best-fit of the data to eq. (4) yielded: s e~ 1x10° cn? and lp, ma=0.15 with | ~350 nm and t=1.6 ms being
fixed. The best-fit result indicates that the above-gap excitation cross-section is more than two orders of
magnitude larger than that obtained for below-gap pumping. This value for the above-gap s .« is comparable to
impact excitation cross-sections reported for Er-doped GaN [11] and Er-doped Si [12] in electroluminescent
devices under reverse bias. These results also suggest that an efficient Er®* excitation process through carrier
injection in aforward-biased light emitting diode should be possible.

2. Initial Spectroscopic studies of Eu doped GaN (SSMBE)

The visible light emission from rare earth doped GaN has become of significant current interest for
applications in display technology [3-4]. For obtaining red light emission, the ®Dy=>'F, transition of trivalent
Eu ions seems most promising. Intense red line emission around 622 nm from Eu doped GaN has been
demonstrated from several research groups [13-20] and EL devices have been fabricated [3,4,13]. The
optimization of current devices requires, however, a more detailed understanding of the incorporation and
emission properties of EU®* ionsin GaN.

During the last year of this project, a sample of Eu doped GaN prepared by solid-source MBE was
provided by Dr. Steckl’s group at the University of Cincinnati. The Eu doped GaN film was grown in a Riber
MBE-32 system on 2 inch p-Si (111) substrates [13]. Solid sources were used to supply the Ga (7N purity) and
Eu (3N purity) fluxes. A RF plasma source was used to generate a@omic nitrogen. For the nitrogen plasma an
RF power of 400 W and an N, flow rate of 1.5 sccm was used. The Ga cell temperature ranged from 870 to
890C. A GaN buffer layer was first deposited for 10 min at a substrate temperature of 600C. For the main
growth the substrate temperature was ramped to 800C. The Eu cell temperature was varied from 350 to 450C
for the growth of various films. The Eu concentration is estimated to be ~10*2-10%/cm?®.

An overview of the visible photoluminescence spectrum of the investigated Eu doped GaN sample at
low (15K) and roomtemperature is shown in Figure 9. The emission was excited using the UV output (336-
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363nm). Only weak band-edge PL from the GaN host was observed at ~365 nm. Depending on the sample
position, some weak yellow-band emission was observed extending from ~450-700 nm. Superimposed on this
emission were intra-4f emission lines from Eu®* ions located at ~545 nm (D1~ 'Fy), 601 nm (D¢ 'Fy), 623
nm (°Do> 'F,), and 665 nm (°Dy=> 'Fs).
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Figure 9: Overview of the visible emission from Eu doped GaN under above-gap excitation.

Excitation wavelength dependent emission studies were carried out on Eu doped GaN at 15K using
above-gap (carrier-mediated) and below-gap (resonant) excitation. Similar to Er doped GaN, the PL spectrum of
Eu doped GaN changes dlightly for different excitation wavelengths. In addition, the PL lifetime changes for the
two different excitation wavelengths. This observation indicates that Eu is incorporated into different sites in the
GaN lattice. More site-selective PL studies are necessary to conclusively assign the lattice sites of EL** ionsin
GaN.
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Figure 10: High resolution PL spectra of Eu doped GaN using above and bel ow-gap excitation.
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A temperature dependent study of the red Eu* line showed that the integrated emission intensity
decreased by more than a factor of 10 between 10 K and room temperature (figure 11). On the contrary, the
emission lifetime changed only dlightly (~10-20%) for the same temperature range suggesting that non-radiative
decay processes are small and the EU*" emission efficient is near unity. Therefore, the strong thermal quenching
of red Eu emission is assigned to a temperature dependent pumping process. An improvement of the PL
guenching behavior can be expected after the optimization of the growth parameters of Eu doped GaN.
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Figure 11: Temperature dependence of integrated Eu PL and PL lifetime.
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Figure 12: PL excitation spectrum of Eu doped GaN at 300K.

An initial PLE spectrum of Eu doped GaN is depict in figure 12. Narrow intra-4f EU** absorption lines
can be identified at ~471.2 nm ("FO>°D,); ~530-550nm ("F¢=>°D,), and at ~590 nm ("F1=>°Dy). In addition, a
broad excitation band centered at ~ 400 nm (~3.1 eV) was observed, which overlaps some higher lying EU**
levels ("Fo=>°Ds, 'Fo>°Le). Based on FTIR measurements, Bang et al. [18,19] recently reported a Eu-related
defect level at 365meV below the conduction-band of GaN. A defect-related energy transfer model had been
proposed in the past by several authors for the excitation of Yb*" in InP and subsequently also for Er®* for I11-
V’sand S [1-3]. These results suggests that for an efficient excitation of rare earth ions in GaN, an overlap of
higher lying RE excited state with the RE-related defect energy is necessary in order to facilatate an efficient
carrier-mediated excitation process. More comparative PLE studies of other rare earth doped GaN systems are
currently in progress to further support this excitation model.
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